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This work compares GEANT4 with MCNPX in the characterization of a boron-lined neutron detector. The
neutron energy ranges simulated in this work (0.025 eV to 20 MeV) are the traditional domain of MCNP
simulations. This paper addresses the question, how well can GEANT4 and MCNPX be employed for
detailed thermal neutron detector characterization? To answer this, GEANT4 and MCNPX have been
employed to simulate detector response to a 252Cf energy spectrum point source, as well as to simulate
mono-energetic parallel beam source geometries. The 252Cf energy spectrum simulation results
demonstrate agreement in detector count rate within 3% between the two packages, with the MCNPX
results being generally closer to experiment than are those from GEANT4. The mono-energetic source
simulations demonstrate agreement in detector response within 5% between the two packages for all
neutron energies, and within 1% for neutron energies between 100 eV and 5 MeV. Cross-checks between
the two types of simulations using ISO-8529 252Cf energy bins demonstrates that MCNPX results are
more self-consistent than are GEANT4 results, by 3–4%.
Crown Copyright & 2016 Published by Elsevier B.V. All rights reserved.1. Introduction
GEANT4 is an open-source software toolkit for simulation of
the passage of particles through matter [1]. It has traditionally
been used in applications in particle physics, nuclear physics,
accelerator physics, space engineering, and medical physics, in the
particle energy range of 250 eV to TeV energy values. There is on-
going development to extend the capabilities of this toolkit
beyond this traditional scope [2]. In particular, some effort has
gone into applying GEANT4 in the simulation of low-energy neu-
tron propagation and interactions. This is a traditional domain of
the proprietary Monte Carlo N-Particle (MCNP) code packages (Los
Alamos National Security, LLC, Los Alamos National Laboratory).
There are few published comparisons of GEANT4 with MCNP
packages in this context. Lemrani et al. [3] conducted comparisons
of MCNPX, GEANT4, and GEANT3 simulations of neutron propa-
gation through different materials relevant to underground
experiments; neutron ﬂuxes after 50 g/cm2 of CH2 (resulting in
ﬂux attenuation of approximately 6 orders of magnitude) simu-
lated with MCNPX (version 2.5) were noted to be about 50% higher
than with GEANT4 (version 4.7.0.p01). Enger et al. [4] noted con-
clusively that (as of 2006) GEANT4 (version 4.6.2 patch1) did notevier B.V. All rights reserved.
49 Victoria St., Whitby, ON,
f Canada Ltd.properly account for thermal neutron scattering, and as such could
not be trusted for dosimetry calculations in low-energy neutron
applications.
In version 4.8.2 and subsequently, GEANT4 made available a
special thermal elastic scattering matrix S(α,β) that accounts for
temperature-dependent momentum transfer α and energy trans-
fer β effects that occur in low-energy oscillations and vibrations in,
e.g., H2O and (CH2)n molecules; these effects are signiﬁcant for low
neutron energies up to a few eV [5]. Since the S(α,β) tables became
available in GEANT4 for neutron energies at or below 4 eV,
agreement between simulations from GEANT4 and MCNP packa-
ges improved substantially. For example, Garny et al. employed the
thermal neutron tables in using GEANT4 (versions 4.8.2 and 4.9.0)
to calculate the response function of a Bonner sphere system with
gold foils as passive thermal neutron detectors [6]. They reported
reasonable agreement (within a few percent) between GEANT4
and MCNPX (version 2.6.6) results for a simple test geometry, as
well as for a more realistic geometry of the Bonner sphere system.
In a separate report, Garny et al. [7] tested a GEANT4 dose calcu-
lation procedure against results in ICRU 57 that are based on
MCNP calculations performed by various laboratories, and found
good agreement (again within a few percent) with published
results for neutron energies below 15 MeV. Further work on
Bonner sphere systems by Rühm et al. have also reported good
agreement (within 8%) for neutron energies below 20 MeV,not
only between GEANT4 (version 4.8.2)and MCNP (version 4A) [8],
Fig. 1. (a) An isometric view from GEANT4 of the BCS detector straws surrounded by 2” thick HDPE box. (b) An end-on cut-away view from MCNPX of the BCS detector
straws surrounded by 2” thick HDPE plastic.
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2.6 and beta version 26F)) [9].
Nevertheless, wider variations in agreement between GEANT4
and MCNP packages have also persisted. For example, in 2011
Guardiola et al. published a detailed report comparing GEANT4
(version 4.9.2) and MCNPX (version 2.6.0) in their simulations of
thermal neutron detection with planar silicon detectors [10],
wherein they noted substantial disagreement (about 50%) in
estimates of maximum detection efﬁciency of thermal neutrons.
Also in 2011, Bak et al. noted in a comparison of GEANT4 (version
4.9.3) with MCNP 5 in simulating shielding materials that the
G4HP model agreed with MCNP within 5%, while the G4L model
gave poor agreement for materials consisting of lighter elements
such as C, O, and Al [11]; this is consistent with the observations of
Yeh et al. [12] in their simulations of neutron interactions in
concrete. Osipenko et al. [13] have also noted how in the context of
modeling neutron production from proton bombardment of a
beryllium target, the Bertini cascade model in GEANT4 provides
the best agreement with MCNPX, but still disagrees by as much as
a factor of 2 in neutron yield for neutron energies below 20 MeV.
The results of Monte Carlo codes for neutron transport depend
largely on the accuracy of the underlying nuclear data used. The
GEANT4 collaboration has worked to further develop the neutron
cross section libraries in GEANT4, so as to extend the capability of
the GEANT4 toolkit in the simulation of the interaction of neutrons
with matter at neutron energies up to 20 MeV; these efforts have
been implemented in GEANT4 since the release of version 4.9.5,
and veriﬁed in Ref. [14]. Veriﬁcations consisted of a series of
simulations, each of neutron interactions in a thin cylinder con-
sisting of a single isotope, where the isotope composition is sys-
tematically varied. The simulations were conducted using GEANT4
versions 4.9.4, 4.9.5, and 4.9.6 in comparison with MCNPX version
2.6. Results demonstrate that discrepancies between version 4.9.4
and MCNPX 2.6 greater than 5% occurred for 108 isotopes, but
discrepancies greater than 5% occurred for only 8 isotopes in the
case of version 4.9.5 versus MCNPX 2.6, and 6 isotopes in the case
of version 4.9.6 versus MCNPX 2.6 [14].
Given the limited scope of published comparisons between
GEANT4 and MCNP packages for simulation of low-energy neutron
interactions, the variations in agreement between the two code
packages among the reports, and the substantial changes that have
occurred in GEANT4’s neutron cross section library since version
4.9.5, this paper aims to contribute another comparison in this
context. This paper will examine simulations of a commercial
boron-lined neutron detector conducted with both GEANT4 andMCNPX. Their results are compared with those from real experi-
mental measurements. In this comparison with MCNPX and
experiment, a key question of how well GEANT4 can be employed
for detailed thermal neutron detector characterization will be
addressed.2. Material and methods
2.1. Experimental measurements
Measurements of absolute neutron detection efﬁciency of a
boron-coated straw (BCS) detector, from Proportional Technolo-
gies Inc. (Houston, TX, USA) were performed at the Health Physics
Neutron Generator (HPNG) facility at Canadian Nuclear Labora-
tories. The HPNG facility is equipped with a calibrated 252Cf source
(half-life of 2.645 yr). The current source was purchased from
Frontier Technology Corporation (Xenia, OH, USA), which on Feb.
18, 2010 had a neutron output of 2.3108 n/s.
The facility is also equipped with a calibrated Bonner sphere
[12,15] and rotating proton recoil (ROSPEC) spectrometers that
have carefully characterized the neutron dose and ﬂuence at var-
ious distances from the 252Cf source in the facility room [16]. These
characterizations were carried out using solid HDPE, boron-doped
shadow cones, as prescribed in the ISO-8529 standard [17].
2.2. Simulation geometry and calculations of interest
The detector geometry in the simulations described below was
taken from the manufacturer’s speciﬁcations [18,19]. The geo-
metry includes the active area of the detector, which consists of
7 aluminum tubes of 25.4 mm diameter and 880 mm wall thick-
ness, arranged in a planar conﬁguration. Each aluminum tube
consists of 7 copper straws, each lined with 1 mm thick layer of
B4C, enriched to 95% 10B. The straws have a diameter of 7.5 mm,
and a wall thickness of 50 mm. The drift gas is a mixture of argon
and carbon dioxide with a ratio of 9:1 at a pressure of 0.7 atm. The
BCS detector tubes are placed in a high-density polyethylene
(HDPE) box of inner dimensions 141.5 cm (l)x18.5 cm (w)x2.54 cm
(h). Fig. 1 shows the overall detector geometry.
For measurements exposing the detector to a 252Cf source, the
detector was surrounded by HDPE to moderate the incident neu-
trons. In one conﬁguration, the HDPE box was 5.08 cm (2”) thick
on all sides; in another conﬁguration, the HDPE was 2.54 cm (1”)
Fig. 2. Parallel beam geometry for the simulations of detector response to mono-
energetic neutrons.
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(heretofore referred to as the 1”–2” moderator conﬁguration).
Two key detector features were calculated via Monte Carlo
simulations: energy deposited in the drift gas of the detector, and
the overall detector response. For the former feature, a pulse
height spectrum was computed in MCNPX, while energy loss due
to ionization in the drift gas was examined with GEANT4. Overall
detector response was computed for a source of (a) 252Cf ﬁssion
neutrons, and of (b) mono-energetic neutrons. For the 252Cf source
neutrons, an isotropic point neutron source was placed 4 m from
the center of the detector, and emitted neutrons uniformly over a
4π solid angle.
For mono-energetic neutrons, reference energy values pre-
scribed by ISO-8529 (0.025 eV to 19 MeV) [20], plus two additional
intermediate energies (1 eV and 100 eV), were chosen for inves-
tigation. A parallel beam source geometry was created for this
calculation. As shown in Fig. 2, a uniform rectangular beam of
mono-energetic neutrons is propagated over 4 m, normal to the
broad face of the detector HDPE box, such that the HDPE box area
encounters a uniform neutron ﬂuence.
In order to calculate the detector response with respect to
neutron energy, the detector count rate N (in s1) is determined
inside a mono-energetic neutron ﬁeld with known ﬂuence rate φ
(in cm2 s1) at a measured position. The detector response R (in
cm2) that measures the number of detector events per incident
neutron ﬂuence rate, is then given by
R¼ N
ϕ
ð1Þ
2.3. MCNPX simulations
MCNPX 2.70 features neutron capture ion algorithms (NCIA)
that can be used for tracking light and heavy ions, in particular α
particles and 7Li ions that result from thermal neutron capture
reaction on 10B. The NCIA is turned on by setting the seventh (recl)
value on the phys:n card to be non-zero. For these simulations, thevalue was chosen to be 5, which allows for the NCIA algorithm to
transport both α and 7Li reaction products at the same time, and to
preserve an angular correlation between them [21]. This approach
is advised in order not to lose correlation between the paired α
particle and 7Li ion, if there are data for one light ion in the cross
section library being used [22]. The evaluated nuclear data ﬁle
ENDF/B-VII.0 was implemented in these calculations [23].
The pulse height light (phl) tally treatment of f8 tally was used
in order to model pulse height energy spectrum of the BCS
detector. The phl tally treatment allows for the conversion of the
energy deposition (f6 tallies) of into detector pulse height (f8
tally). The neutron energy spectrumwas created according to 252Cf
energy binning deﬁned in ISO-8529 [20].
MCNPX simulations were also devised to calculate the response
of the detector to various energies of mono-energetic neutrons. By
means of MCNPX, for this particular detector the count rate can be
calculated using two different tallies, under certain assumptions.
The ﬁrst approach makes use of the pulse height tally (f8). Here,
the pulse height tally gives the count rate inside the detector. For
the ISO-8529 energies runs, only a single bin was modeled
between 100 keV and 2 MeV for faster convergence and better
statistics. The second approach employed the f1 particle current
tally; i.e. the number of particles crossing a tallied surface, at any
angle in any direction. In order for this tally to represent a count
rate inside the detector volume, a few assumptions and constraints
had to be imposed.
Assumption 1. Detector signal (a count) is created by any 7Li or α
particle that enters the active volume of the detector gas, pro-
viding its kinetic energy upon entering the gas is 100 keV or more.
The 100 keV lower energy limit was chosen in order to match the
f8 tally model.
Assumption 2. Due to kinematics of the 10B(n,α)7Li reaction, the
products of the reaction (α and 7Li) will always travel in opposite
directions upon birth within the thin cylindrical B4C shell around
the active volume of detector. This means that for a single reaction
only one reaction product can enter the active volume of detector
at a time, and create a signal. Hence, if the f1 tally is applied to
each of the reaction products separately, and subsequently added
together after concluding the simulation calculation, there would
be no double counting of neutron capture events.
Constraint: As mentioned, the f1 tally determines the particle
current across the tallied surface regardless of their direction or
angle of incidence. Therefore, in order to account for particles that
enter the active volume of the detector, cosine binning (cosine
card C) was employed, including only appropriate angles of
entries. In MCNPX, the angular limits are deﬁned with respect to
the positive normal to the surface at the particle point of entry; the
positive normal is always in the direction of a cell that has positive
sense with respect to that surface [21]. In the present simulations,
the positive normal to the surface of crossing (tally surface) is
formed by the inner surface of a thin cylindrical B4C shell with a
radius vector pointing outward. Therefore, the cosine values of
interest are between 1 and 0, corresponding to an angular span
between 180° and 90°, where 180° corresponds to particle entry
along the radius and 90° corresponds to particle entry along a
tangent to the circle of the detector straw.
2.4. GEANT4 simulations
GEANT4 version 4.10.00.p02 was employed for this work. In
this version of GEANT4, all cross-section data for low energy
neutron interactions (thermal to 20 MeV) are taken from ENDF/B-
VI [24]. In this simulation work, neutron energies of interest are
less than 20 MeV, so the following neutron high precision models
Fig. 4. (a) Pulse height spectra for the boron detector from MCNPX simulation
(solid blue curve), with displayed contributions from α (red dot dash curve) and 7Li
(black dotted curve) reaction products. The pulse height spectra are normalized for
source neutron emission rate of 2311 ns/s per 1 ng of the 252Cf source.
(b) Cumulative deposited energy by the 10B neutron capture reaction products, in
GEANT4. The total spectrum (solid blue curve) features contributions from α (black
dotted curve) and 7Li (red dashed curve) reaction products. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.).
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tronHPElastic, G4NeutronHPInelastic, and G4NeutronHPCapture.
For neutrons with energy below 4 eV, thermal neutron scattering
from chemically-bound atoms are considered with the G4Neu-
tronHPThermalScattering S(α,β) matrix tables.
Event generation in GEANT4 is handled by the user-deﬁned
PrimaryGeneratorAction class. This class contains instructions as
to the particle types being generated, and how to distribute and
transport the particles. To minimize bias in the generation of
pseudo random-numbers for either positions or direction cosines,
ROOT’s TRandom3 class [25] was linked to the PrimaryGener-
atorAction class. The neutron energy spectrum was created
according to a Watt ﬁssion spectrum for spontaneous ﬁssion from
252Cf with a distribution given by [26]:
f ðEÞpexpðE=1:18Þsinhð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1:03419E
p
Þ; ð2Þ
where the energy E is given in MeV.
The number of detector hits recorded by the simulation is any
ionizing radiation that deposits 4100 keV in the drift gas; this
deﬁnition was applied in all calculations involving detector neu-
tron hit rate from GEANT4 simulation results. The particle types
are tracked explicitly as well. No additional constraints or
assumptions were imposed. Thus, a proportional histogram of bin
counts versus dE/dx can be obtained for both α and 7Li reaction
products. In this case, dE/dx denotes ion energy loss due to ioni-
zation effects in material, in units of MeV. Such plots were calcu-
lated for detector response to an incident neutrons emitted by
spontaneous ﬁssion by a point 252Cf source.
One should note that MCNPX calculations were performed
using a bare 252Cf energy spectrum that was taken directly from
ISO-8529 [21], and inserted into the MCNPX input deck. In this
case, the 252Cf Watt ﬁssion spectrum was represented using a
histogramwith 52 discrete energy bins. In the case of GEANT4, the
calculations were performed using built-in continuous Watt
representation of 252Cf spectrum, as described above. Never-
theless, the two representations of input spontaneous ﬁssion
energy spectra have essentially identical proﬁles, as can be seen in
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Fig. 3. Comparing 252Cf spontaneous ﬁssion energy spectra, as rendered by ISO-
8529 (black squares) and the Watt formula as given in Eq. (2) (red circles). The
lethargy has been normalized in each case so that the sum of all points is equal to
one in each spectrum. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.).3. Results and discussion
3.1. Detector response to 252Cf point source neutrons
Pulse height spectra from MCNPX simulation of detector
response to 252Cf point source neutrons are shown in Fig. 4(a). The
simulated pulse height spectra are normalized for source neutron
emission rate of 2311 n/s per 1 ng of the 252Cf source. The overall
shape of the total spectrum agrees with spectra published else-
where [27,28]. The graph includes simulated individual traces for
α and 7Li reaction products, as well as the sum total of the pulse
height spectra. The sharp drop-offs in the pulse height distribu-
tions for 7Li and α are determined by the speciﬁc branching ratios
of various decay channels of the 10B(n,α)7Li reaction, given by
nþ10B-
7Lið0:84 MeVÞ þα ð1:47 MeVÞ 94%
7Lið1:01 MeVÞ þα ð1:78 MeVÞ 6%
(
ð2Þ
A curve related to a pulse height spectrum obtained from
GEANT4 is shown in Fig. 4(b), which plots a histogram of the
cumulative deposited energy by the 10B neutron capture reaction
products. The curves show similar features to that seen in Fig. 4(a).
Subtle differences that exist between Fig. 4(b) and Fig. 4(a) are due
to the slightly differing nature of the quantities being plotted. In
particular, Fig. 4(b) presents a histogram of the particle bin counts
versus ion energy loss due to ionization effects in material, while
Fig. 4(a) tallies the number of pulses depositing energy within the
deﬁned bins [21].
Because of the aforementioned normalization of the MCNPX
simulation pulse height spectra, direct integration of the total
pulse height spectra gives the neutron detection count rates
shown in Table 1, in units of counts per second per nanogram of
252Cf (cps/ng 252Cf). Each of these quantities are compared with
experimental measurements. The experimental direct neutron
count rate in cps/ng 252Cf is obtained using the ISO-8529 shadow
cone method, which provides a means of determining the com-
ponent of detected neutron ﬂuence rate that is incident directly
from the source, in isolation from the component of detected
neutron ﬂuence rate that is incident from scattering in the facility
Table 1
Direct neutron count rate estimates (in cps/ng 252Cf), for 4 m source-boron detector
distance. Percentage agreement with corresponding values in the Measured col-
umn are indicated in italics within parentheses.
Boron detector
HDPE mod-
erator
conﬁguration
Measured MCNPX GEANT4
1”–2” conﬁg-
uration
0.16670.008 0.192870.0007 (16%) 0.19270.003 (16%)
2” thickness on
all sides
0.19170.010 0.212070.0007 (11%) 0.219370.0023 (15%)
Table 3
Direct neutron detector response (in cm2) estimates, for 4 m source-boron detector
distance. Percentage agreement with corresponding values in the From Measure-
ment column are indicated in italics within parentheses.
Boron detector HDPE
moderator conﬁguration
From
measurement
MCNPX GEANT4
1”–2” conﬁguration 143710 165.670.8 (16%) 17173 (20%)
2” thickness on all sides 164711 182.170.9 (11%) 19573 (19%)
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based on the square root of total counts and the error of active
mass of 252Cf at the time of measurement. The MCNPX uncer-
tainties are based on relative errors reported by the simulation
package. The MCNPX count rates are systematically higher than
the experimental values by 11–16%. We have veriﬁed that the
MCNPX count rates are the same, regardless of using ENDF-VI or
ENDF-VII libraries.
The direct neutron efﬁciency values in Table 1 from GEANT4
results are estimated by assuming a point source of 1 ng 252Cf with
a neutron emission rate of 2311 n/s, such that the time of exposure
of the detector is the number of neutrons released by the source in
the simulation, divided by the neutron emission rate. The desired
efﬁciency is then the number of neutron hits in the detector
divided by the exposure time. Error bars for the GEANT4 results
are based on the square root of detector counts. Table 1 demon-
strates that the GEANT4 efﬁciency results are 15% above experi-
mental results for the 2” moderator case, and 16% higher than the
measured results for the 1” front thickness conﬁguration (with 2”
thickness on all other sides). Correspondingly, GEANT4 results are
seen to be within 0.4–3% of those from MCNPX. Sources of sys-
tematic error between experimental and simulation results are
discussed later in this section.
Detector response R as deﬁned in Section 2.2 is a useful
quantity that measures the number of detector events per incident
neutron ﬂuence rate [6]. The measured detector response in cm2 is
calculated from experimentally-determined neutron ﬂuence rate
at the incident face of the detector’s moderator (the experimental
method is described in Ref. [17]). Neutron ﬂuence in each of the
GEANT4 and MCNPX simulations is determined by averaging over
a 151.66 cmx28.66 cm rectangular plane positioned at 4 m in air
from the 252Cf point source, in the absence of the detector. Table 2
shows these ﬂuence rate estimates normalized per ng of 252Cf,
assuming a neutron emission rate of 2311 s1 (per ng of 252Cf).
Error bars for the experimental ﬂuence rate are based upon known
Bonner sphere spectrometer relative uncertainties [17], and the
uncertainty on the neutron emission rate provided by the manu-
facturer (Frontier Technology Corporation; Xenia, OH) of the
source. Error bars for the MCNPX simulation are based upon
relative errors provided by the simulation package, while the errorTable 2
Estimates of average neutron ﬂuence rate (in x103 cm2 s1 (ng 252Cf) 1) in air
at 4 m from a 252Cf point source. Percentage agreement with the value in the
Measured column are indicated in italics within parentheses.
Method of determination Measured MCNPX GEANT4
Measurement with a calibrated
Bonner sphere spectrometer
1.1670.06 – –
Calculation over a
151.6628.66 cm2 rectangle
– 1.16570.004
(0.1%)
1.12270.003
(4%)bars for the GEANT4 result are based upon the square root of total
hits on the rectangular plane. The ﬂuence rate estimates from
MCNPX and GEANT4 are both well within the error bars of the
measured ﬂuence rate.
Table 3 displays the detector response in cm2, from simulation
and experimental data. This detector response is obtained via Eq.
(1), discussed in Section 2.2; error bars are estimated in quad-
rature using the usual rules of error propagation. One may also
employ the ﬂuence rate estimates from Table 2, together with the
direct count rates from Table 1 and the incident detector area
(151.66 cmx28.66 cm) to estimate the detection efﬁciency, deﬁned
as the number of neutrons detected divided by the number of
incident neutrons. The detection efﬁciency estimates are shown in
Table 4, with error bars that are estimated in quadrature using the
usual rules of error propagation.
For the 2” thick moderator case, the MCNPX results in
Tables 3 and 4 are seen to be 11% higher than for the measured
case, while the GEANT4 results are 20% higher than the case from
measurement (“measured case”). For the 1” front thickness con-
ﬁguration (with 2” thickness on all other sides), the MCNPX results
are found to be 16% higher than the quoted measurement values,
while the GEANT4 results are 19% higher than the results from
measurement. Correspondingly, GEANT4 results are seen to be 3–
7% higher than those from MCNPX. The error bars on the mea-
surement values are about 5–7% of the quoted values.
The results of the above 252Cf source simulations show that
GEANT4 predicts the detector count rate and response to a 252Cf
neutron energy spectrum in close agreement with MCNPX: Table 1
shows that GEANT4 is within 0.4–3% of MCNPX detector count rate
values. Meanwhile, GEANT4 predicts a neutron ﬂuence rate in
Table 2 that is 4% smaller than that from MCNPX. Since detector
response is the ratio of detector count rate divided by neutron
ﬂuence rate (see Eq. (1)), the aforementioned discrepancies com-
pound together so that GEANT4 is in further disagreement with
MCNPX on the detector response and efﬁciency estimates in
Tables 3 and 4, being 3–7% larger than MCNPX.
It is noteworthy how both simulation packages give detector
count rates in Table 1 that are systematically high with respect to
those from experiment (11–16% for MCNPX, and 15–16% for
GEANT4), and therefore also in detector response and efﬁciency
estimates in Tables 3 and 4 (11–16% for MCNPX, and 19–20% for
GEANT4). Yet Table 2 indicates that MCNPX and GEANT4 are in
much closer agreement with experiment in the estimation ofTable 4
Direct neutron detector efﬁciency (in %) estimates, for 4 m source-boron detector
distance. Percentage agreement with corresponding values in the From Measure-
ment column are indicated in italics within parentheses.
Boron detector
HDPE moderator
conﬁguration
From mea-
surement
MCNPX GEANT4
1”–2”
conﬁguration
3.2970.17 3.81070.019 (16%) 3.93770.06 (20%)
2” thickness on all
sides
3.7870.19 4.19070.021 (11%) 4.49870.07 (19%)
Fig. 5. Detector response and efﬁciency when employing the 2” moderator con-
ﬁguration versus incident neutron energy, for beam source geometry (MCNPX –
black circle, GEANT4 – red triangle). Error bars associated with the computed
detector response values are shown in the ﬁgure. The curve shown for each data set
is a cubic spline interpolation, intended to guide the eye. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.).
Fig. 6. Detector response and efﬁciency when employing the 1”2” moderator
conﬁguration versus incident neutron energy, for a beam source geometry (MCNPX –
black circle, black curve, GEANT4 – red triangle, red curve). Error bars associated
with the computed detector response values are shown in the ﬁgure. The curve
shown for each data set is not a best ﬁt, but is intended to guide the eye. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.).
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ment for GEANT4). One should consider that the neutron ﬂuence
rate from measurement was obtained (via use of Bonner spheres)
independently of the detector being studied here. This indicates
there are systematic effects in the physical arrangement of the
neutron detector that are not accounted for in the present simu-
lations. There are a number of possible systematic effects that can
account for this discrepancy. One is in how the simulations neglect
the presence of electronic pre-ampliﬁer and high voltage mani-
folds that are mated to either end of the detector straws. The
simulations also neglect the presence of a 3.5 cmx18.5 cm rec-
tangular hole at each small end of the moderator box, whose
function is allow access of electronic cables to the detector pre-
ampliﬁer and high voltage manifold; the presence of such holes
can enhance the neutron escape probability from the detector,
thereby lowering the measured count rate of the detector. Finally,
and perhaps more prominently, there is also the difﬁculty of set-
ting up an accurate gamma and noise vs. neutron discrimination
level that truly separates all gamma and noise events from all
neutron events. The ambiguity of where to the set the threshold is
apparent from the high plateau seen in the pulse-height spectrum
(Fig. 4) that is immediately adjacent to the low-energy gamma and
noise peak. It is quite likely that the lower level discrimination
(LLD) of detector was set sufﬁciently high to eliminate the gamma
and noise events from counting, but at the cost of missing some
lower-energy neutron events. For the acquired experimental pulse
height spectra, a 1% change in the LLD channel number results in a
3.6% change in the count rate.
It is nevertheless clear that MCNPX does provide results that
are generally closer to experimental results of the 252Cf tests than
does GEANT4. For the estimation of the neutron count rate in the
case of the 1”–2” moderator conﬁguration, GEANT4 agrees with
MCNPX within 0.4%, however GEANT4 further deviates from
experiment than MCNPX in the case of the 2” moderator conﬁg-
uration neutron count rate (by 3%), and in the estimation of neu-
tron ﬂuence rate (by 4%).
3.2. Detector response to ISO-8529 neutron energies
In this section and as discussed in Section 2.2, the detector
response to mono-energetic neutrons was calculated with both
MCNPX and GEANT4, using a parallel beam source geometry. Fig. 5
shows the results for the 2 in. moderator thickness. The y-axis on
the right hand side converts the detector response to detection
efﬁciency, deﬁned by the number of captured neutrons divided by
the number of incident neutrons. Note that the dashed curves
included in the ﬁgure are not best ﬁt lines, but are cubic spline
interpolations that are intended to guide the eye.
The overall shape agreement between the two choices of
simulation packages is excellent; their response values agree
within 5% for all energy values, and within 1% for all energy values
between 100 eV and 5 MeV. The shape of the curves demonstrates
that for lower neutron energies, neutrons are over-moderated in
the 2-in. thick moderator, resulting in enhanced neutron capture/
scattering within the moderator, and therefore lower detector
response. As neutron energy increases, the moderation path
length of neutrons gradually extends sufﬁciently to allow more
neutrons to reach the detector’s active detection volume. The
detector response therefore rises with increasing incident neutron
energy. Eventually, however, the moderation length extends suf-
ﬁciently far that there is an increased probability for neutrons to
escape the moderation volume, and out of the detector. Simulta-
neously, the 10B neutron absorption cross-section steadily
decreases as 1/v with respect to the kinetic energy of incoming
neutrons. A peak in detector response is therefore eventually
reached, followed by a rapid drop. Fig. 5 demonstrates that thedetector response is maximized for incident neutron energy near
0.7 MeV.
It is of interest to note that the proﬁles of the response curves
in Fig. 5 closely resemble the response proﬁles of the 6 and 7 in.
(diameter) Bonner spheres with central spherical 3He detector
[29], which have radii of 3 and 3.5”, respectively. One would
expect a similar outcome because the incident average path
lengths of the detected neutrons traveling through the front 2”
thick polyethylene face must be larger than 2”. This is due to the
large cross sectional area of the polyethylene front face and
therefore neutron paths different from normal incidence are sig-
niﬁcantly present.
Fig. 6 shows the results when employing the 1”–2” moderator
conﬁguration. Here again, shape agreement between the two
choices of simulation packages is excellent; their response values
agree within 4% for all energy values, and within 1% for all energy
values between 100 eV and 5 MeV. The overall shape demon-
strates that a thinner incident moderator thickness (1” in place of
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moderator for lower neutron energies. This results in enhanced
detector response for thermal and epithermal neutron energies,
over that seen in Fig. 5. Since the other sides of the detector
maintain the same 2” thickness, as for the 2” moderator conﬁg-
uration, the neutron escape probability for higher neutron ener-
gies remain much the same, such that detector at these energies
are very similar to those in Fig. 5. For the same reason, addressed
in 2” moderator case, the 1” response proﬁle resembles the
response of the 4” diameter Bonner sphere [29]. Similar trends are
also witnessed in the simulation work concerning Bonner sphere
response functions, conducted by Garny et al. [6], where they
observed 6–7% agreement between GEANT4 and MCNPX in their
response curves at 1 MeV and 1 eV, respectively. Rühm et al. [9]
also observed agreement within 8% at 1 MeV and 10 MeV. In this
work, the agreement is tighter at these energies, at 2% or less.
The results of Figs. 5 and 6 can be used to check the calculated
response estimates given in Table 3. The ISO-8529 standard
deﬁnes energy group source strengths Bi for neutrons emitted by
spontaneous ﬁssion of 252Cf, in the energy range of Ei to Eiþ1 [20].
Values of Bi are assigned to ISO-8529 neutron energies used in
Figs. 5 and 6, according to the energy bin that they fall within. The
set of Bi values for these selected neutron energies are re-nor-
malized, so that their sum is equal to one. The re-normalized Bi
values are used to compute a weighted average of the response
values for these neutron energies shown in Figs. 5 and 6. The
results of these weighted averages are shown in Table 5, with error
bars estimated in the same fashion as for Tables 3 and 4; both
simulation packages show reasonable agreement between
Tables 3 and 5, but MCNPX demonstrates substantially better
agreement (2.2–2.5%) than GEANT4 (5.3–6.5%). This demonstrates
that the simulation results from MCNPX are more self-consistent
than they are for GEANT4, by about 3–4%.
The results of this paper clearly demonstrate that GEANT4
follows the results of MCNPX quite closely. These results corro-
borate well with other comparisons of GEANT4 with MCNP
(X) published since 2006 (Refs. [5–9]), which show good agree-
ment between the two Monte Carlo packages whenever thermal
neutron S(α,β) tables are included for neutron energies less than
4 eV. These other comparisons have also employed the same
physics models used in this work. Other publications have repor-
ted substantial disagreement between GEANT4 and MCNP(X)
(Refs. [10–13]), yet these are cases when other physics models are
implemented in GEANT4 that are not used here. This suggests that
the physics models used in this work are the optimal ones to use
for simulation of low-energy neutrons.
The principal neutron interaction cross-sections that this work
relies on are those of 10B. Mendoza et al. [14] demonstrated in
their recent work the simulation that results of neutron interac-
tion in 10B agree between MCNPX 2.6 and GEANT4 (both versions
4.9.5 and 4.9.6) in the range of 1–5%. It is noteworthy how the size
of the agreement between GEANT4 and MCNPX in this work is
also within 5% in all cases.
Detailed thermal neutron detector characterization is the tra-
ditional domain of MCNPX, so the results of this work indicate that
GEANT4 can also be successfully employed as well for thisTable 5
Direct neutron detector response estimates (in cm2) and detection efﬁciency (in %), for 4
Figs. 5 and 6, using ISO-8529 252Cf neutron energy group source strengths Bi. The percen
in adjacent parentheses.
Boron Detector HDPE Moderator Conﬁguration MCNPX Response (cm2) M
1”–2” conﬁguration 161.570.6 (2.5%) 3
2” thickness on all sides 186.170.3 (2.2%) 4purpose. Nevertheless, MCNPX appears to systematically agree
with experimental results better than GEANT4, and MCNPX is also
more consistent with itself than is GEANT4, by about 3–4%.4. Conclusions
This work has compared GEANT4 with MCNPX in the char-
acterization of a boron-lined neutron detector. The neutron energy
ranges simulated in this work (0.025 eV to 20 MeV) are a tradi-
tional domain of MCNP packages. GEANT4 is traditionally
employed for applications in particle physics, nuclear physics,
accelerator physics, space engineering, and medical physics, in the
particle energy range of 250 eV to TeV energy values. This paper
addresses the question, how well can GEANT4 be employed for
detailed thermal neutron detector characterization? To answer
this, GEANT4 and MCNPX have been employed to simulate
detector response to a point 252Cf energy spectrum source, as well
as to simulate mono-energetic parallel beam source geometries.
The 252Cf energy spectrum simulation results have also been
compared with those of experiment.
The results of 252Cf source simulations show that GEANT4
predicts the detector count rate and response to a 252Cf neutron
energy spectrum in very close agreement with MCNPX: Table 1
shows that GEANT4 agrees with MCNPX on detector count rate
within 0.4–3%, while Table 2 shows that GEANT4 agrees with
MCNPX on neutron ﬂuence within 4%. The detector response and
percentage efﬁciency values in Table 3 relies upon values from
Tables 1 and 2, such that the discrepancies of the latter compound
to give wider disagreement for the former values when comparing
GEANT4 to MCNPX, about 3–7%.
Detector response functions with varying incident neutron
energy have also been calculated, using simulations with a parallel
beam geometry. The agreement between MCNPX and GEANT4 in
these simulations is very good, within 5% for all neutron energies,
and within 1% for all energy values between 100 eV and 5 MeV.
These results were further used to predict the outcomes of the
above 252Cf source simulations using ISO-8529 252Cf neutron
energy group source strengths Bi. Agreement in these cases is
within 2.2–2.5% for MCNPX, and within 5.3–6.5% for GEANT4. This
shows that MCNPX is more self-consistent in these results than is
GEANT4, by 3–4%.
Given how closely GEANT4 follows the results of MCNPX in this
work, the answer to the central question of this paper is, yes,
GEANT4 can indeed be used to accurately characterize a thermal
neutron detector. It is important to note that the good agreement
between GEANT4 and MCNPX observed in this work is made
possible through the use of thermal neutron S(α,β) tables for
neutron energies less than 4 eV, as well as through the use of
neutron high precision models from the QGSP_BERT_HP physics
(G4NeutronHPElastic, G4NeutronHPInelastic, and G4Neu-
tronHPCapture). Other published work comparing GEANT4 with
MCNP packages tend to show good agreement when using these
features of GEANT4 (see Refs. [5–9]), and otherwise greater dis-
agreement when other physics models were employed (see Refs.
[10–13]). Nevertheless, it appears that MCNPX can also do them source-boron detector distance, determined by weighted average of results from
tage agreement of response values with corresponding values in Table 3 are shown
CNPX Efﬁciency (%) GEANT4 Response (cm2) GEANT4 Efﬁciency (%)
.71670.001 160.770.8 (6.5%) 3.69770.018
.28270.002 185.771.0 (5.3%) 4.282
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sistency, at the level of a few percent.Acknowledgments
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